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Along with the crucial requirement for efficiency improvement in the cutting-edge petrochemical technology, the evaluation of
the dynamic performance characteristics of high-speed pump is becoming increasingly important. It has become a main topic in
the research of high-speed pump to minimize the pressure pulsation induced by the fluid in the pump body, so as to reduce the
mechanical vibration. Although the research on the transient flow characteristic and pressure fluctuation of a high-speed pump
with straight blades is of great significance, it has been seldom explored. In this work, the flow instability of a 16 straight-blade
high-speed centrifugal pump is studied numerically at a rotational speed of 8500 rpm and flow rate of 3m3/h. Results show that
with the influence of rotor-stator interaction, time-domain pressure signals at the tongue show double peak characteristic,
whereas a single peak characteristic exists at the diffuser wall.*e pressure fluctuation near the tongue is reduced to approximately
half of that at the volute wall by the water ring effect accompanied with the high-pressure factor. At the tongue region, the
amplitude of the blade passing frequency is reduced by the unsteady flow, whereas the harmonic wave was increased at 2–4 times
of the blade passing frequency.

1. Introduction

*e high-speed centrifugal pump is prevalent in different
applications with high head and compact structure, such as
petrochemical, aero-engine, and oil refining equipment [1].
*e operation request of centrifugal pump becomes stricter
with the increment in the rotational speed of the centrifugal
pump. *e hydraulic interactions between the running
blades and the stationery volute are well-known factors of
vibrations and noises in the high-speed pump. *e rotor-
stator interaction of the rotating impeller and the stationery
volute could cause strong pressure pulsations and unsteady
flow fields [2], which, in turn, may induce component fa-
tigue, excessive noise, and vibration [3]. *erefore, the re-
search on the unsteady flow of the high-speed pump by
evaluating its transient characteristic and pressure fluctua-
tion is of academic and social value.

Computational fluid dynamic simulations have been
conducted to explore the rotor-stator interaction and flow
features in high-speed pump in recent years. Alemi et al. [4]

evaluated the design approach of the volute of the high-
speed pump and its related performance and found that the
behavior of the efficiency and radial force balance could be
promoted by a design law to combine volute and radial
diffuser hydraulically. Casimir et al. [5] numerically studied
the rotor-stator interaction of a centrifugal pump at part
load with special emphasis on the highly unsteady blade
load. Jafarzadeh et al. [6] studied a pump with rotational
speed of 13,000 rpm and specific speed of 16 by using the
numerical approach and concluded that the relative position
of blades and the blade tongue has great effect on the stability
and separation point of the flow. Yang et al. [7] studied a full-
scale oxygen pump with rotational speed of 18,000 rpm
involved in a liquid rocket engine, investigated the clocking
effect of the rotating parts, and found that the turbulent
dissipation in the diffuser and the impeller directly leads to
the clocking effect on the pump flow performance.

Despite the static performance of the high-speed pump,
the dynamic characteristic of the rotating machinery has
been studied by many researchers. Yang et al. [8] performed
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a computational study on the unsteady performance of a
pump as turbine to find the optimal radial gap to achieve
high efficiency. *ey found that the amplitude of the un-
steady pressure pulsation in high frequency within the volute
decreased with the increase in radial clearance, whereas that
of the pressure pulsation in low frequency within the im-
peller remains unchanged. Xiao et al. [9] analyzed the main
factors that affected the pressure fluctuations in a Francis
pump as turbine.*ey found that themisaligned guide vanes
reduce the amplitudes of the pressure pulse in low frequency
in the draft tube by affecting the unsteady behavior of the
vortex rope. Wang et al. [10] analyzed the vortex field and
pressure fluctuation at multiple monitoring points in detail
and concluded that abnormal amplitude increase in the
frequency spectrums near the trailing edge strongly corre-
lated with the evolution of vorticity.

Flow characteristics were analyzed to study the transient
performance of high-speed pump within a certain blade
structure. *e effect of the splitter blade on the fluid per-
formance of high-speed pumps has been studied well. Yuan
et al. [11] evaluated the design principles of splitter blades,
including deflection angle of blade and the number of blades.
Yuan et al. [3] concluded that the spiral-profile blade
inhibited the flow instability of the pump by affecting the
pressure fluctuations more evenly.

*e majority of the aforementioned studies are limited to
the splitter blade. *e study of straight blade, which has more
difference when compared with spiral-profile blade, has been
neglected [12]. With the design of the straight blade, one can
produce high head, as well as low flow rate of a high-speed
pump with cheaper and more handling-efficient pump
structure design [13]. Given such characteristics, the high-
speed pump with straight blade impeller fits in situations that
require small flow rate, as well as high head, especially in small-
scale pumps [14]. However, the high-speed pump with straight
blade subjected to the interaction between the stationery volute
and the rotational straight blade can lead to unsteady flow
fields, especially those operating at off-design conditions.
Rotor-stator interaction always leads to low efficiency. Su et al.
[15] presented the flow stability analysis and entropy pro-
duction to evaluate the regions of the hydraulic loss of straight-
blade high-speed pumps. Large hydraulic loss was observed at

the trailing edge of the volute tongue and the blade. *is
phenomenon was explained by the large momentum exchange
by flow separation and small region, including the sudden
change in pressure gradients. Nevertheless, few studies on
hydraulic performance and pressure pulsation of high-speed
pumpswith straight-profile bladewere performed.*e effect of
rotor-stator interaction is important for the internal transient
flow mechanism and pressure pulse performance of the high-
speed pump with straight blade.

In this work, the hydraulic model of a high-speed cen-
trifugal pump with 16 straight blades was established to nu-
merically investigate the nonuniform distribution of flow in a
straight-blade high-speed pump. *e commercial software
ANSYS-CFX was used to conduct the numerical study on the
pressure pulse performance of the pump, and the numerical
method was validated by performance experiments. *e cause
of the variation in the pressure fluctuation in different positions
of the high-speed pump was investigated by analyzing the flow
characteristics of the monitoring points.

2. Materials and Methods

2.1. Geometrical Model and Mesh Generation. With the
designed rotation speed of 8500 r/min, the 16-straight-blade
high-speed pumpwas designed at a 250m head and flow rate
of 3m3/h. *e computational domain and mesh generation
of each part of the pump is shown in Figure 1. *e detailed
design parameters of the pump can be referred to in [15]. A
test was conducted at the design condition to validate the
independence of the grid of the high-speed pump. *e
computing deviation of the overall efficiency when the mesh
numbers were in excess of 4,000,000 was less than 0.4%.
*erefore, the grid number adopted in the simulations was
4.28 million. *e grids adjacent to the wall surfaces are
specially treated, and the maximal y+ around the wall was
below 100 to meet the computation requirements. *e wall
roughness was set as 1.3×10−5m.

2.2. Solution Parameters. ANSYS-CFX 18.0 was adopted to
perform the three-dimensional transient flow in the high-speed
pump. *e steady flow was first simulated, and its results were
installed as the initial conditions for the transient flow to
compute the pump pressure pulsations in the pump. *e
transient rotor-stator interface was adopted in the transient
state simulation. *e shear stress transport (SST) k-ω turbu-
lencemodel with scalable wall functions was used because of its
good accuracy in rotary flow computation. A second-order
accuracy algorithm was selected for all temporal and spatial
derivatives. Table 1 summarizes the boundary conditions
adopted in the computation.*ewall surface roughness was set
as 25μm.*e turbulent intensity at the inlet boundary is set as
5%.*e convergence criterion of themass andmomentumwas
10−6. Figure 2 shows the monitoring points mounted on the
volute and impeller in the pump. One cycle spends 0.00706 s,
and the total time was set to 0.0706 s to ensure 10 rounds of
unsteady simulation data.

Pressure pulsation is one of the crucial reasons of vi-
bration and noise in high-speed centrifugal pump. A total of
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Figure 1: Computational domain and mesh of each part.
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10 monitoring points mounted at the central plane of the
impeller and volute are available to capture time-amplitude
and amplitude-frequency characteristics (Figure 2). *e
calculation lasted for 10 impeller revolution periods (total
period), and the calculation of frequency domain was
conducted from the last five impeller revolution periods via
fast Fourier transform (FFT) method.

2.3. Experiment Validation. *e hydraulic performance test
of the pump was carried out at the Key Laboratory of Fluid
Transmission Technology of Zhejiang Province, Zhejiang
Sci-Tech University. Figure 3 shows the test rig of the ex-
periment, which mainly comprises a test pump, a flowmeter,
two pressure transmitters, and several regulating valves and
pipelines. Room-temperature water was used as the working
fluid. *e pump inlet and outlet pressures and the flow rates
were measured with the accuracy of 0.25% and 0.2%, re-
spectively. *e head, flow rate, power, and efficiency were
measured by the specific sensors with uncertainty of
±0.895%, ±0.55%, ±0.956%, and ±1.421%, respectively [15].

Figure 4 provides the comparison of the external
characteristics of experiments and numerical prediction at
different flow rates. Generally, the agreement between the
numerical predictions and experimental data was shown

with a relative error that is less than 5%. On account of
neglect of the seal and mechanical losses in the numerical
method, simulation predictions are slightly larger than those
of the experiment data.

3. Results and Discussion

*e unsteady pressure fields of the high-speed pump with
flow rates of 0.2 design flow rate (Qd), 0.4 Qd, 0.6 Qd, 0.8 Qd,
and 1.0 Qd were conducted to study and analyze the flow
characteristics and unsteady pressure pulsations within the
volute and the impeller.

3.1. Flow Characteristics. Dimensionless quantities are used
in this paper for the convenience of the comparison of flow
characteristics in different flow rates, as well as the pressure
pulsation analysis in time and frequency domains. *e di-
mensionless pressure coefficient Cp is defined as follows:

Cp �
P − Pinlet

0.5ρv
2
u

, (1)

where P is the static pressure, P0 is the static pressure at a
sampling point, ρ is the fluid density, and vu is the cir-
cumferential velocity at the outer edge of the impeller.
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Figure 3: Schematic of experimental apparatus.
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Figure 2: Pressure pulsation monitoring point settings (P-1–P-6,
volute and tongue; P-7–P-10, impeller passage).

Table 1: Boundary conditions adopted in the numerical
simulation.

Location Boundary condition
Inlet duct Velocity inlet
Outlet duct Pressure outlet
Stationary surfaces No-slip wall
Connection interfaces Transient rotor-stator
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*e dimensionless velocity Cv is defined as follows:

Cv �
v

vu

. (2)

Moreover, the dimensionless pressure gradient is de-
fined as zP/zL � ΔP∗/R, where R is the radius of the im-
peller. In the analysis of pressure fluctuation, the
dimensionless pressure coefficient Cpf is defined as follows:

Cpf �
P − P

0.5ρv
2
u

,

P �
P − P

0.5ρv
2
u



N−1

i�0
p ti( .

(3)

Figure 5 shows the pressure field in the central section of
the impeller under different flow rates. *e monitoring
points near the volute were marked in the figure. *e fluid
pressure in the impeller increases from the inlet to the outlet
in the rotation operation.

At 0.2 Qd, when the blade rotates close to the tongue, the
near-tongue region exhibits a local high-pressure area because
of the squeezing action of the blade. Apparent squeezing action
leads to higher pressure fluctuation in 0.2 Qd than those in 1.0
Qd and 1.4Qd (Figure 6).*e fluid with high flow rate that goes
through the tongue may lead to unapparent squeezing phe-
nomenon in 1.0 Qd and 1.4 Qd. *e resistance force may play a
negative role in improving the steady flow in the high-speed
centrifugal pump according to the decrease in the pulsating
pressure amplitude. *e pressure and valley value of pressure
pulsation in the tongue area stays high during peak periods,
thereby suggesting the small pressure fluctuation at the mon-
itoring points in the tongue area. *e quantity analysis of the
pressure fluctuation can be referred to in Table 2.

To clearly show the characteristics, the pressure gradient in
0.2 Qd is illustrated in Figure 7. *e area with high-pressure
gradient (red region) was located at the near-tongue region and
changes slightly with the impeller rotation. A small high-
pressure gradient area (red area) is dispersedly distributed at the
pressure side of the trailing edge and synchronized with blade
motion. *e pressure gradient of the area swept by the blade
trailing edge will continuously fall back to and then recover
from the peak, thereby resulting in pressure pulsation with the
blade passing frequency (fBPF).With the increment in flow rates,
the near-tongue region with high-pressure gradient increases,
but differences on the overall distribution are lesser (not
shown).*e high-pressure gradient area formed at the pressure
side of the trailing edge is an important reason for the pressure
pulsation on the rotor-stator interface of centrifugal pumps.

At the same impeller position in the radial direction, the
pressure on the pressure surface of the blade is lower than
that on the suction surface (Figure 5). When analyzing the
streamlines at 1.0 Qd at the time of pressure pulsation valley
(Figure 8), the flow is noted in poor guidance along the
impeller passages. *e circumferential sliding fluid is mixed
with the radial entering fluid and then formed recirculation
vortices because of the 90° leading edge of the straight blade
and the pressure difference between the pressure and suction

surface. *e counter-clockwise vortices were strengthened
after the flow passage has swept over the tongue because the
narrow space restricts the fluid that flows in the volute.
Furthermore, although the volutes at Points 21 and 22 are
much wider, the recirculation vortex also exists. *e high
pressure at the near-tongue region restricts the fluid that
enters into the divergent suction.*e high pressure may also
reduce the pressure fluctuation at the near-tongue region. At
0.2 Qd, 0.6 Qd, and 1.4 Qd, the overall trend of counter-
clockwise vortices in the certain passages remain unchanged
(not shown).

*e distribution of turbulence kinetic energy was sim-
ulated to study the turbulent flow in the pump (Figure 9).
Large turbulence kinetic energy is observed at the area
between the larynx of the volute and the blade tips. Large
turbulence kinetic energy increased as the blade tip rotates
with respect to the near-tongue region (Figures 9(a) and
9(b)). Turbulence kinetic energy does not display apparent
difference in the pressure or suction surface of the blade.
Another area with large turbulence kinetic energy was ob-
served in the diffuser because of the backflow in the diffuser
(as shown in the streamline in Figure 8), thereby suggesting
that the diffuser should be designed with a larger diameter.

3.2. FlowFluctuation. Figure 6 shows the time domain of the
transient pressure at the two monitoring points at the near-
tongue region. *e fluctuated pressure in a cycle of the
impeller rotation experiences a periodical change. At certain
flow rates, different phenomena of periodic pressure vari-
ations between Points 3 and 4 were observed. *e double
peak characteristic of Point 3 is caused by the rotor-stator
interaction between a straight blade and a volute. At certain
point, the fluctuating amplitudes reduced from 0.2 Qd to 1.0
Qd and increased slightly to 1.4 Qd because high flow rate
caused high pressure at the near-tongue region and was less
influenced by the effect of the rotor-stator interaction. In
Point 4, the pressure pulsation fluctuates as a single peak
characteristic with the amplitude almost the same as that in
Point 3.

Figure 10 shows the curve of pressure pulsation at the
monitoring points at the diffuser about to or just swept over
the tongue area. At a certain flow rate, similar periodic
pressure variations are observed for the four points. At the
upstream points (e.g., P-22 and P-21), the fluctuating am-
plitudes decreased from 0.2 Qd to 1.0 Qd and increased
slightly to 1.4Qd. Meanwhile, at the downstream points (e.g.,
P-35 and P-34), the pressure exhibits a monotonic reduction
with the increase in the flow rate.

Table 2 lists the peak-to-peak amplitude values of the
pressure pulsations of the six monitoring points at their
main frequencies. *e amplitudes of Points 3 and 4 are
approximately half of that at most of the points in the volute
wall because the high pressure at the narrow near-tongue
region reduced the pressure fluctuation.

*e frequency domain of pressure at the near-tongue
region is shown in Figure 11. *e shaft rotating fre-
quency (fs) based on the impeller rotating speed of
8500 r/min is 141.67 Hz. Another important frequency,
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Figure 5: Distribution of static pressure in the central section of impeller under different flow rates: (a) 0.2Qd, at pressure pulsation peak; (b) 0.2Qd,
at pressure pulsation valley; (c) 1.0Qd, at pressure pulsation peak; (d) 1.0Qd, at pressure pulsation valley; (e) 1.4Qd, at pressure pulsation peak; and (f)
1.4 Qd, at pressure pulsation valley.
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fBPF, is 2266.67 Hz on account of the impeller number of
16. As shown in Figure 11, the maximum pressure
amplitude occurs at fBPF. *e main frequency at the
near-tongue region is the rotating frequency, which
plays a decisive role in the pressure pulsation of the

pump. *e high-frequency pulsation at fBPF is 2–4 times
larger in Point 3 than that in Point 4, thereby illustrating
that fluctuations at the tongue caused by unsteady flow
reduced the effect of the impeller and formed the har-
monic wave of fBPF.
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Figure 6: Time-domain pressure signals of the tongue area with different flow rates for monitors: (a) 3 and (b) 4.

Table 2: Amplitude of pressure fluctuation of points at the volute.

Monitoring point
Amplitude (MPa)

0.2 Qd 0.6 Qd 1.0 Qd 1.4 Qd

1 0.65 0.46 0.21 0.21
2 0.65 0.48 0.21 0.21
3 0.31 0.23 0.11 0.15
4 0.33 0.28 0.09 0.15
5 0.53 0.44 0.12 0.24
6 0.59 0.5 0.18 0.28
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Figure 7: Distribution of static pressure in the central section of the impeller under the flow rate of 0.2Qd (a) at pressure pulsation peak and
(b) at pressure pulsation valley.
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Figure 12 shows the frequency domain of pressure at the
volute not far from the near-tongue region. *e transient
pressure pulsation within the impeller corresponds to the
composition of the transient pressure pulsation caused by
the impeller-volute interaction.*e propagation of unsteady
pressure from the volute to the impeller is influenced by the
flow rate. In total, the flow rate has a negative effect on the
performance of the high-speed centrifugal pump.

*e amplitude of the pressure pulsations at two fre-
quencies of fs and fBPF is listed in Table 3. In the volute, the
shaft rotating frequency is lesser than the main frequency
fBPF. Combined with the pressure contour (Figure 5), the low
amplitude of pressure fluctuation at Point 36 is possibly due
to the water ring effect [16]. *e rotating impeller provides

the fluid with large tangential velocity, thereby forming a
water ring between the volute and the impeller tip, which
may reduce part of the rotor-stator interaction to the
pressure fluctuation at 16fs. Figures 8 and 9 show that
backflow phenomenon exists in the exit part of the pump,
indicating that the exit part was designed to be narrow.
Narrowed diffuser leads to high pressure at the near-tongue
region. *e influence of the water ring at high-speed ac-
companied with the effect of narrow diffuser reduced the
pressure fluctuation at Point 3. *e deviation from the
design flow rate may reduce the water ring effect, thereby
increasing pressure fluctuation. Influenced by the tongue
region represented by Point 3, the pressure fluctuation on
Point 4 shows similar laws.
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Figure 8: Streamline distribution of relative velocity in the central section of the impeller and the volute: (a) 1.0 Qd at pressure pulsation
peak and (b) 1.0 Qd at the pressure pulsation valley.

Tur

5

4.55

4.1

3.65

3.2

2.75

2.3

1.85

1.4

0.95

0.5

X

Z

Y

(a)

Tur

5

4.55

4.1

3.65

3.2

2.75

2.3

1.85

1.4

0.95

0.5

X

Z

Y

(b)

Figure 9: Distribution of turbulence kinetic energy in the central section of the impeller at 1.0 Qd (a) at pressure pulsation peak and (b) at
pressure pulsation valley.
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Figure 10: Time-domain pressure signals of the diffuser at the upstream and downstream of the tongue area with different flow rates for
monitoring points: (a) 1, (b) 2, (c) 5, and (d) 6.
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Figure 11: Pressure spectra at the tongue area for monitors: (a) 3 and (b) 4.
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To further discuss the pressure fluctuation in the high-
speed pump, we also monitor the transient pressure fields in
the impeller. Figure 13 shows the pressure fluctuation curve
of the four points at the impeller passage in the interval of 90°
in the circumferential direction in one rotational cycle. *e
pressure fluctuates violently under small flow conditions,
and the harmonics of the multiplication of shaft rotating
frequency exist. *e periodic characteristic of pressure
fluctuation in the impeller is more complex than that in the

volute. Figure 13 certifies that the rotor-stator interaction of
the rotating impeller and the stationary volute would cause
an unsteady pressure pulsation from the volute and within
the impeller with the main frequencies of fs and fBPF [11].

Figure 14 shows the frequency spectrum of the moni-
toring points in the impeller. *e amplitude of fBPF, which
plays a decisive role in the pressure fluctuation of the im-
peller, is far greater than those of other frequencies. *e
amplitude of the main frequency is affected by the flow
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Figure 12: Pressure spectra of the diffuser for monitoring points: (a) 1, (b) 2, (c) 5, and (d) 6.

Table 3: Amplitude of the main frequency at the impeller monitors.

Q/Qd Frequency (Hz)
Amplitude (kPa)

35 34 22 21 32 36 37
0.2 141.67 1.71 2.28 2.44 2.08 2.42 1.02 0.0005

2266.67 235.24 278.84 242.57 211.07 273.52 98.9 134.63
0.6 141.67 2.20 2.23 2.55 2.14 2.54 1.52 0.0008

2266.67 186.92 200.69 199.61 173.01 212.17 94.89 111.15
1.0 141.67 2.15 2.13 1.61 1.33 1.85 1.30 0.0004

2266.67 86.98 108.99 70.68 57.2 99.93 36.41 33.24
1.4 141.67 1.91 1.78 1.78 1.21 1.44 1.35 0.0005

2266.67 83.25 101.13 104.46 85.4 107.37 48.96 52.29
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Figure 13: Pressure signals at the time domain of the diffuser at the impeller with different flow rates for monitoring points: (a) 7, (b) 8, (c) 9,
and (d) 10.
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Figure 14: Continued.
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condition. In general, the smaller the flow is, the larger the
amplitude of the main frequency will be. Compared with
other points, the main frequency amplitude at the tongue is
obviously reduced and is consistent with that in the volute.
*e main reason is that the low-frequency pulsation caused
by the unsteady flow is dominant under the small flow
conditions. *e fluctuation tendency does not exhibit ap-
parent differences among various points because the
monitoring points are far away from the volute.

4. Conclusions

A procedure has been presented to numerically investi-
gate the flow characteristics and pressure fluctuation of a
high-speed pump with straight blades. *e type of high-
speed pump used in this manuscript can be used in the
application of petrochemical industry, catalyst feeding,
etc., in which the working medium to be pressurized
through the pump is kept in low flow rate so as to enter the
certain device. *e main conclusions are summarized as
follows:

(1) Owing to the rotor-stator interaction between the
straight blade and the volute, the time-domain
pressure signals at the tongue show double peak
characteristic, whereas the transient pressure at the
diffuser wall shows single peak characteristic.

(2) *e high-pressure gradient area formed at the
pressure side of the trailing edge is an important
factor that affects pressure pulsations on the rotor-
stator interface of the centrifugal pumps.

(3) With the narrowly designed tongue structure, the
high pressure at the near-tongue region restricts the
fluid from entering into the divergent suction. *e
water ring effect combined with the high-pressure
factor reduces the pressure fluctuation at the near-
tongue region to approximately half of that at the
volute wall.

(4) In the tongue region, the unsteady flow reduces the
amplitude of the blade passing frequency and in-
creases the harmonic wave by 2–4 times that of the
blade passing frequency.
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